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Abstract We propose, as a novelty in the literature,
the modelling of wormholes within the particular case
of the f(R, T ) gravity, namely f(R, T ) = R+αR2+λT ,
with R and T being the Ricci scalar and trace of the
energy-momentum tensor, respectively, while α and λ
are constants. Although such a functional form appli-
cation can be found in the literature, those concern to
compact astrophysical objects, such that no wormhole
analysis has been done so far. The quadratic geometric
and linear material corrections of this theory make the
matter content of the wormhole to remarkably be able
to obey the energy conditions.
Keywords f(R, T ) gravity · wormholes · energy
conditions
1 Introduction
Recent cosmological observations indicate that the uni-
verse is undergoing an accelerated expansion [1,2]. The
cause of it still remains an open and tantalizing ques-
tion for the research community. Theoretically, several
works are propose to resolve this problem. Modifica-
tions in standard gravitational theory play a significant
role once they are an alternative to explain the acceler-
ated expansion.
One of the first and simplest modifications to Einstein-
Hilbert action is named f(R) gravity, with f(R) being
a function of the Ricci scalar. In the literature, this the-
ory has a lot of contributions that account for the dark
energy problem. A. A. Starobinsky has proposed a vi-
able dark energy model within the framework of f(R)
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gravity, by assuming f(R) = R+αR2, with constant α
[3]. It was shown in such a reference that the inception
of the R2 term removes some weak singularities. This
was further developed in References [4,5] (check also
the review [6]). Moreover, the inflationary era and dark
matter issues are also addressed in this theory [7]-[10].
In 2011, the modified f(R) gravity was generalized
from the inception of a function of the trace of the
energy-momentum tensor in the gravitational action,
yielding the f(R, T ) gravity [11], which is going to be
worked in the present paper. It has been studied in
several astrophysical and cosmological aspects, by as-
suming different choices for the arbitrary function of R
and T , as it can be seen in [12]-[14], for instance.
In the present paper, we will consider f(R, T ) =
f1(R) + f2(T ), with f1(R) = R+αR2 and f2(T ) = λT ,
where α and λ are arbitrary constants. The choice of
f1(R) is considered as given by the Starobinsky model
[3] (check also [15]). The Starobinsky model has gained
importance in recent years for its role in the analysis of
matter density perturbations, inflation and many other
applications [16]-[18]. Here, we are going to analyse
wormhole (WH) solutions from the Starobinsky model
within the f(R, T ) gravity.
WHs are two-way tunnels, attaching different re-
gions of space-time. The minimal surface area of that
attachment is known as the “throat” of the WH. M.S.
Morris and K.S. Thorne, which firstly suggested these
objects [19], showed that matter inside them has neg-
ative energy, that violates the null energy condition
(NEC). Anyhow, in the last few years, there has been a
growing interest in developing some exact WH models
that account for the minimization of the violation or
even the obedience of NEC, which in fact can be at-
tained in modified gravity theories (check, for instance,
[20,21]).
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2WH solutions can be seen in the literature in the
framework of f(R, T ) gravity in different aspects. In
Ref.[22], WHs were firstly analysed within the linear
frame of f(R, T ) gravity, i.e., f(R, T ) = R+ 2λT , with
the matter Lagrangian Lm = −ρ and ρ the matter-
energy density of the WH. Static numerical solutions
have been obtained for different WH matter contents
and stable solutions were attained in [23,24]. Moraes
et al. have investigated some theoretical predictions for
static WHs obtained from f(R, T ) gravity where the
matter Lagrangian is governed by the total pressure of
the WH [25]. In [26], a static WH model has been con-
structed from various shape functions . In [27], the au-
thors have studied spherical WH models with different
fluid configurations. Motivated by the above references,
we are going to check here if it is possible to obtain
stable WH solutions in R2-gravity within the f(R, T )
formalism.
It is worth to remark that the functional form to be
used here, named f(R, T ) = R+αR2 +λT , has already
been applied to the analysis of compact astrophysical
objects in References [28]-[30], but no WH analysis has
been made so far for such a functional form. In these
references, it was shown that such a model is well moti-
vated since it is consistent with stable stellar configura-
tions because the second-order derivative with respect
to R remains positive for the assumed choice of the pa-
rameters and this prior choice agrees with the energy
conditions outcomes of the present article. Moreover,
Starobinsky has shown that his model (free from the
T -dependence) predicts an overproduction of scalarons
in the very early universe [15]. This issue was also ad-
dressed, for instance, in [31,32]. On the other hand, it
has been shown that the presence of the trace of the
energy-momentum tensor of a scalar field in a gravity
formalism can well address the inflationary era [33]. So,
the T -dependence inserted in the Starobinsky formal-
ism indeed raises as a promising model of gravity to be
deeply and widely investigated.
2 The f(R, T ) gravity model
The action in the f(R, T ) theory of gravity is given by
[11]
S = 116pi
∫
d4x
√−gf(R, T ) +
∫
d4x
√−gLm, (1)
where f(R, T ) is an arbitrary function of the Ricci scalar
R = Rij and trace of the energy-momentum tensor
T = T ij , g is the metric determinant and Lm is the
matter Lagrangian density. Here, we have assumed the
speed of light c and gravitational constant G to be 1.
By varying the action S with respect to the metric
gij , the following f(R, T ) field equations are obtained
[11]
RijfR(R, T )− 12f(R, T )gij + (gij−∇i∇j)fR(R, T ) =
8piTij − fT (R, T )θij − fT (R, T )Tij . (2)
Here, we are using the notations fR(R, T ) ≡ ∂f(R, T )/∂R
and fT (R, T ) ≡ ∂f(R, T )/∂T , Tij is the energy-momentum
tensor and θij is defined as
θij = gαβ
δTαβ
δgij
= −2Tij + gijLm − 2gαβ ∂
2Lm
∂gij∂gαβ
. (3)
In this paper, we take the energy-momentum tensor
for the relativistic source of anisotropic fluid to be in
the form
Tij = (ρ+ pt)uiuj − ptgij + (pr − pt)XiXj , (4)
where ρ, pr, and pt are the energy density, radial pres-
sure and tangential pressure, respectively. Moreover ui
and Xi are the four-velocity vector and radial unit four-
vector, respectively, which satisfy the relations uiui = 1
and XiXi = −1.
By considering the matter Lagrangian as Lm = −P,
Equation (3) can be rewritten as
θij = −2Tij − Pgij , (5)
where P = pr+2pt3 is the total pressure, such that the
trace of the energy-momentum tensor reads T = ρ−3P.
Hence, the f(R, T ) gravity field equations (2) with (5)
take the form
Rij − 12Rgij = T
eff
ij , (6)
where T effij is the effective energy-momentum tensor of
the theory, defined as
T effij =
1
fR(R, T )
{[8pi + fT (R, T )]Tij + PgijfR(R, T )}
+ 1
fR(R, T )
{
1
2 [f(R, T )−RfR(R, T )]gij
}
− 1
fR(R, T )
[(gij−∇i∇j)fR(R, T )] . (7)
33 Wormhole solutions in R2-gravity within the
f(R, T ) formalism
The static spherically symmetric WH metric in Schwarzschild
coordinates (t, r, θ, φ) reads [19,34]
ds2 = e2φ(r)dt2 − dr
2
1− b(r)r
− r2(dθ2 + sin2θdφ2), (8)
where φ(r) and b(r) are the redshift and shape func-
tions, respectively. The radial coordinate r increases
from a minimum radius value r0 to∞, i.e, r0 ≤ r <∞,
where r0 is known as the WH throat radius. A flaring
out condition of the throat is considered as an impor-
tant condition to have a typical WH solution, such that
b−b′r
b2 > 0 [19,34] and at the throat, r = r0 = b(r0) and
b′(r0) < 1, with primes denoting radial derivatives. An-
other condition needed to be respected by the shape
function is 1 − b(r)r > 0 [19,34]. To ensure the absence
of horizons and singularities, the redshift function φ(r)
needs to be finite and non-null throughout the space-
time. In this work we will consider the redshift function
as a constant, for simplicity, and also to achieve the de
Sitter and anti-de Sitter asymptotic behaviour of the
metric [35].
The effective field equations (6) for the metric (8)
and our specific functional form for the f(R, T ) func-
tion, i.e, f(R, T ) = R+ αR2 + λT , read
b′
r2
=
[(
8pi + 3λ2
)
ρ− λ(pr+2pt)6 − 2αb
′2
r4
]
2αR+ 1 , (9)
b
r3
=
[
− (8pi + 7λ6 ) pr + λ2 (ρ− 2pt3 )− 2αb′2r4 ]
2αR+ 1 , (10)
b′r − b
2r3 =
[
− (8pi + 4λ3 ) pt + λ2 (ρ− pr3 )− 2αb′2r4 ]
2αR+ 1 . (11)
From the above equations, the explicit form for the
matter quantities, i.e., ρ, pr and pt, can be written as
follows:
ρ =
b′
[
λ
(
2r2 − 5αb′)+ 12pi (r2 − 2αb′)]
3(λ+ 4pi)(λ+ 8pi)r4 , (12)
pr = −−12αbλb
′ − 48piαbb′ − λr3b′ + 7αλrb′2 + 24piαrb′2 + 3bλr2 + 12pibr2
3(λ+ 4pi)(λ+ 8pi)r5 , (13)
pt = −12αbλb
′ + 48piαbb′ + λr3b′ + 12pir3b′ + 2αλrb′2 − 3bλr2 − 12pibr2
6(λ+ 4pi)(λ+ 8pi)r5 . (14)
The exact solutions for the matter content of the
WH can be obtained by considering a specific form for
the shape function, as [36]
b(r) = r0 + ar0
[(
r
r0
)β
− 1
]
, 0 < β < 1, (15)
where a is an arbitrary constant. The flaring out condi-
tion b−b′rb2 > 0 implies that 1− a+ a
(
r
r0
)β
(1− β) > 0.
Similarly, at the throat, we have aβ < 1 for b′(r0) <
1. Also, b(r)r = (1− a) r0r + a
(
r0
r
)1−β → 0 when r →∞
for β < 1.
With the purpose of clarifying the metric conditions
mentioned above, in Fig.1 below we plot b(r), b(r)/r
and b(r)− r, for β = 0.84, a = −0.5 and r0 = 0.995.
Using (15) in (12)-(14), ρ, pr and pt read
ρ = −
aβr0
(
r
r0
)β {
−12pi
[
r3 − 2aαβr0
(
r
r0
)β]
+ 5aαβλr0
(
r
r0
)β
− 2λr3
}
3(λ+ 4pi)(λ+ 8pi)r6 , (16)
4pr =
r0
{
−a2αβr0[(7β − 12)λ+ 24pi(β − 2)]
(
r
r0
)2β
− a
(
r
r0
)β [
λ
(
12(a− 1)αβr0 − (β − 3)r3
)
+ 12pi
(
(4a− 4)αβr0 + r3
)]}
3(λ+ 4pi)(λ+ 8pi)r6
+
r0
[
3(a− 1)(λ+ 4pi)r3]
3(λ+ 4pi)(λ+ 8pi)r6 , (17)
pt =
r0
{
−2a2αβr0[(β + 6)λ+ 24pi]
(
r
r0
)2β
+ a
(
r
r0
)β [
λ
(
12(a− 1)αβr0 − (β − 3)r3
)
+ 12pi
(
4(a− 1)αβr0 − (β − 1)r3
)]}
6(λ+ 4pi)(λ+ 8pi)r6
− r0
[
3(a− 1)(λ+ 4pi)r3]
6(λ+ 4pi)(λ+ 8pi)r6 . (18)
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Fig. 1 b(r), b(r)/r and b(r)− r as functions of r for β = 0.84,
a = −0.5 and r0 = 0.995.
From the quantities above, we plot the energy den-
sity as well as the energy conditions in Figs.2-13. In all
figures, we take β = 0.84, a = −0.5 and r0 = 0.995.
Fig. 2 Variation of energy density for λ = −35 and different
α.
Fig. 3 Variation of energy density for α = 5 and different λ.
Fig. 4 Validity of NEC, ρ+ pr ≥ 0, for λ = −35 and different
α.
4 Discussion
We have obtained here, for the first time in the litera-
ture, WH solutions in the f(R, T ) = R+αR2+λT grav-
5Fig. 5 Validity of NEC, ρ+ pr ≥ 0, for α = 5 and different λ.
Fig. 6 NEC, ρ+ pt ≥ 0, for λ = −35 and different α.
Fig. 7 NEC, ρ+ pt ≥ 0, for α = 5 and different λ.
ity. Such a gravity theory can be seen as the simplest
and more natural theory which presents corrections in
both the geometrical and material sectors. Although it
has already been applied to the study of compact as-
trophysical objects, yielding valuable results [28]-[30],
Fig. 8 Violation of dominant energy condition (DEC), ρ ≥
|pr|, for λ = −35 and different α.
Fig. 9 Violation of DEC, ρ ≥ |pr|, for α = 5 and different λ.
Fig. 10 Validation of DEC, ρ ≥ |pt|, for λ = −35 and different
α.
this is the first time WHs are analysed from such a
functional form for f(R, T ).
The R2-correction only is well motivated by its ap-
plications in cosmology and astrophysics [3], [37]-[42].
6Fig. 11 Validation of DEC, ρ ≥ |pt|, for α = 5 and different
λ.
Fig. 12 Validation of strong energy condition (SEC), ρ+ pr +
2pt ≥ 0, for λ = −35 and different α.
Fig. 13 Validation of SEC, ρ + pr + 2pt ≥ 0, for α = 5 and
different λ.
The T -correction only is inserted with the purpose of
considering quantum effects in a gravity theory, or even
the existence of imperfect fluids in the universe [11]. In
this way, since WHs material content is described by an
anisotropic imperfect fluid, the WH analysis in theories
with material corrections is well motivated.
We remark that the T−dependence can also account
for a non-minimal coupling between geometry and mat-
ter, as explored in [43]. The existence of WH solutions
in curvature-matter coupled gravity have already been
discussed in the literature, as it can be checked in [44,
45]. The achievement of WH solutions in a non-minimal
geometry-matter coupling model in f(R, T ) gravity, fol-
lowing the steps in [43], shall be reported soon in the
literature.
In the present article, our WH analysis was made
by considering Eq.(15) as the form for the shape func-
tion. Such an assumption was also taken in other refer-
ences, such as [36,46]. From (15), we were able to obtain
the material solutions of the WH, i.e., ρ, pr and pt, as
Eqs.(16)-(18), respectively.
On the regard of the matter content of the present
WH solutions, we would like to highlight that, depart-
ing from what can be seen in the f(R, T ) WHs literature
[22]-[27], no equation of state (EoS) was assumed in this
article. Since the WH EoS is still poorly known, this is
a considerable advantage of the present solutions. It is
worth to remark that in future, with eventual detec-
tions of WHs (check [47]-[51] for some proposals), one
may be able to constraint their EoS.
In possession of Eqs.(16)-(18) we plotted the WH
energy conditions, namely NEC, DEC and SEC. We
mention that the weak energy condition ρ ≥ 0 obedi-
ence can also be appreciated in Figs.2-3.
In Figs.4-5, the validity of NEC, ρ + pr ≥ 0, for
different α and different λ, respectively, is plotted.
Figs.6-7 also present NEC, but in terms of pt. We
see the violation of NEC only for small values of r.
For DEC, while Figs.8-9, in terms of pr, show its
violation for most values of r, Figs.10-11, in terms of
pt, indicate its respectability for all r.
Figs.12-13 show that SEC is respected for the present
WH matter content, for different values of α and λ, re-
spectively.
The respectability of the energy conditions in a wide
region or even in the whole WH, which yields non-exotic
matter to fill in this object, was attained as a conse-
quence of the extra (or correction) terms of the theory,
namely αR2 and λT . As remarked above, non-exotic
matter WHs are non-trivial to be attained and we be-
lieve that once the material correction terms, predicted
by the f(R, T ) theory, are related with the possible ex-
istence of imperfect fluids in the universe, this theory
may provide a breakthrough in the understanding of
WHs.
7Particularly, the physical reasons for the obedience
of the energy conditions as a consequence of the extra
terms of the theory worth a deeper discussion. Appar-
ently, the cosmological and astrophysical observational
issues we face nowadays may be overcome by either
an alternative gravity theory or a non-standard EoS to
describe the matter content concerned. Let us take the
dark energy problem, for example. It is well known that
the present universe undergoes an accelerated phase of
expansion [1,2]. The counter-intuitive effect of acceler-
ation may be described either by an exotic EoS for the
matter filling the universe, namely P ∼ −ρ [52], or by
alternative gravity models, as it can be checked in [15],
for example. The recently detected massive pulsars [53,
54] can also be attained by particular EoS [55,56] or
alternative gravity [57].
The same picture can be visualized for the WHs
case, i.e., the extra degrees of freedom of an extended
theory of gravity may also allow WHs to be filled by
non-exotic EoS matter, departing from the General Rel-
ativity case. The T -dependence of the f(R, T ) theory
may characterize the first steps in describing quantum
effects in a gravity theory [11,43] and such a descrip-
tion, which is missing in General Relativity, can explain
the energy conditions obedience.
As a forthcoming work, we can check the viabil-
ity of evolving WHs within the present formalism, as
well as possible observational signatures these objects
may imprint in the galactic halo, as they evolve [58]-
[60]. With the purpose of further checking the reliabil-
ity of the present theory, a cosmological model from
the f(R, T ) = R + αR2 + λT formalism shall also be
reported soon in the literature.
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